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Dedicated to Martha: 
When a man loves a woman 
And a woman loves a horse 
And a man loves a woman while riding a horse 
Things get awfully complicated. 
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Introduction: 
The purpose of this project was to give students taking Process Instrumentation and Control 
(INC) a visual demonstration of a PID control system. This system was to implement an 
automatic water level control loop that would be based on a user defined external set point. For 
example, if the water tank was empty, and the user wanted the water level to go to the top, the 
system would do this automatically based on the users set point.  
The system must be able to fill a 507 mL cylinder in under a minute. The water pump must be 
able to pump forwards, backwards, and maintain a water level. Setting the point to fill or drain to 
must be set by the user and must be part of the physical system. All components must be able to 
be able to be carried by one person easily. The power supply to be used will need to be able to 
run all components in the system. All components that must be purchased will need to be within 
the budget of $300.  
Deliverables: 
 Must be a tank system with transducers for closed loop control of water level 
 VisSim 8.0 software will be used to implement the control algorithm 
 Solid Edge software must be used to model the physical aspects of the system and to 
create the files necessary for 3D printing on a Makerbot 3D printer 
 Final report must be in .docx format for Microsoft Word 
 Final project must be completed by the beginning of Texpo 
 
Design: 
The block diagram, shown in Figure 1, is the overview of the control loop for the system. The 
power supply in Block 1 powers the membrane potentiometer voltage divider in Block 2, the 
motor control chip circuit in Block 4, the pressure transducer in Block 7, and the laser level 
sensor in Block 8. The data acquisition system (DAQ) in Block 3 takes inputs from the set point 
from Block 2, the pressure transducer from Block 7, and the laser sensor overflow protection in 
Block 8. These input signals are then interpreted by the VisSim simulation, which in turn runs the 
control algorithm and outputs a pulse width modulated (PWM) digital signal to the motor control 
chip circuit in Block 4. This signal is then transferred to the peristaltic water pump in Block 5, 
which then pumps water into the cylinder, or process, in Block 6. The pressure transducer in 
Block 7 senses the water level by transducing water pressure into a voltage signal which is then 
transferred to the DAQ and in turn to the controller. Block 8 implements the overflow protection 
via a laser range sensor, which will sense the level at which overflow is imminent and override 
the system by shutting it off.  
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Figure 1: Block Diagram of Closed Loop Control System 
 
Simulation: 
Before testing the actual system, a VisSim 8.0 simulation was used to model the system. This is 
shown in Figure 2. All components were made into transfer functions implemented in each block 
of the control loop. The system response time would be would be under a minute, according to 
the simulation. 
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Figure 2: VisSim Control System Simulation  
Block 1: Power Supply 
The power supply chosen is a 60W supply that outputs +5V at 3A, +15V at 0.5A, -15V at 0.5A, 
and +24V at 1.25A. There was more than enough power available from this supply for all the 
components. The max power rating of the membrane potentiometer is 1W. The L293E motor 
driver chips dissipates 5W max power. The Honeywell pressure transducer only requires 18.4 
mW of power maximum. The maximum power consumed by the laser sensor is 1.85 W. This 
adds up to 7.87 W, which is much less than the maximum output of the supply.  
This supply was already available from the Electrical Engineering department and did not need 
to be purchased. There were three commons, or zero volt reference ports, for the outputs. One 
each for the +5V, +24V, and +15V/-15V. These commons were bridged together in order to give 
a common 0V reference for all components powered by this supply.  
Block 2: Membrane Potentiometer Voltage Divider Set point 
A membrane potentiometer, pictured in Figure 3, was chosen to implement the set point. The 
Spectra Symbol SPL0751033%ST SoftPot was chosen because of affordability, durability, and 
its 1 m length. This was purchased for $24.39 from Digikey. The partial datasheet for the SoftPot 
is in Appendix A. The potentiometer was to be placed on a meter long plate of aluminum for 
structural integrity, as the membrane potentiometer is not stiff enough to stand on its own. The 
potentiometer had an adhesive tape on its back side, which was used to mount it on the 
aluminum plate. Membrane potentiometers change resistance based on where a pressure point is 
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being applied anywhere on its range. This means a linear change in resistance, and therefore 
voltage, from the low-end to the top-end of this resistor. The power supply of Block 1 supplies 
0V and 5V for the outer pins (1 and 3), while the output voltage, varying between 0V and 5V, is 
obtained from pin 2. The voltage output of the potentiometer would then go to the Controller, 
Block 3, which in turn would interpret where the water lever would be raised or lowered to. This 
particular potentiometer is accurate within +-3%, which means +-3 cm over the range of 1 m. As 
the water level range itself is one meter also. 
 
Figure 3: Membrane Potentiometer 
 
 
 
In order to implement a pressure point that could be moved up or down and hold its position, a 
slider mechanism, Figure 4, was designed in Solid Edge and printed via the Makerbot 3D printer. 
This uses three skateboard wheel bearings to allow it to slide up and down. One bearing would 
roll on the membrane potentiometer on the front, and two on the back of the aluminum plate. The 
pressure can be varied on the slider mechanism by pressing it together or pulling it apart.  
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Figure 4: Slider Mechanism 
Block 3: PID Controller and VisSim Program 
The PID controller for this project is programed into VisSim 8.0. A National Instruments NI 
USB6009 DAQ is used to feed the data from the system to the controller. The inputs of the 
membrane potentiometer set-point, the pressure transducer, and the laser sensor overflow 
protection are sent to the DAQ. After which the controller adjusts the water level by controlling 
the motor, through a PWM signal that is output though the DAQ. The DAQ used was selected 
due to its availability at the Electrical Engineering department. It is a 14 bit DAQ, with a percent 
resolution of 0.0061%. This is more than accurate enough for this application.  
The program used to control the DAQ and implement the control algorithm is VisSim 8.0. VisSim 
is available on almost all Montana Tech computers and is very user friendly. It is also heavily 
used in INC. Figure 5 shows the control algorithm simulation in VisSim. 
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Figure 5: VisSim PID Control Loop 
The controller block takes inputs from the membrane potentiometer voltage divider circuit in 
Block 2, the pressure transducer circuit in Block 7, and the laser sensor overflow protection 
circuit in Block 8. These three inputs are the basis of the control of the PWM circuit in Block 4. 
Block 4: Pulse Width Modulation Motor Control 
PWM was used to run the motor by varying the duty cycle of a 12V square wave. The chip used 
is the ST Microelectronics L293E push-pull four channel motor driver. This chip was also 
supplied by Montana Tech. The circuit diagram for the PWM motor control is pictured in Figure 
6. The datasheet for the L293E is in Appendix A. 
 
Figure 6: Motor Control Circuit 
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Block 5: Peristaltic Water Pump 
A peristaltic pump was chosen to drain and fill the water tank. Peristaltic pumps are unique in the 
fact that they can run in both directions and also hold the water level if stopped. A flexible 
silicon line runs inside of the pump, while rollers push fluid by pinching off the line. The PWM 
in Block 4 controls the rate at which the motor controlling the pump moves. The water pump in 
turn controls the water level, or process, in Block 6 by pulling water from a water reservoir 
located in the suitcase. The principle of how a peristaltic pump works is shown in Figure 7. The 
pump chosen is the Boxer 15002 DC motor driven pump, purchased from Clark Solutions for 
$171.23. This is also shown in Figure 7. This has a maximum flow rate of 529.2 ml/min which 
should have been able to fill the 507 mL water tube in about 57 seconds. This datasheet for the 
15002 is in Appendix A.  
Transfer function for peristaltic pump: FR = 16(ml/min*V)Vin (flow rate = 16*voltage in) 
 
Figure 7: Boxer 15002 Peristaltic Pump with Operation Example  
Block 6: Process 
The process of water level is contained in a one meter long one inch diameter clear PVC pipe, 
purchased from ACE Hardware. A base to hold the tube was designed in Solid Edge and printed 
on the Makerbot 3D printer. The slide potentiometer and aluminum plate it’s attached to is also 
fitted into this base. At the top there is another 3D printed bracket that holds the top of the 
aluminum plate, the top of the tube, and the Laser Level Sensor. These components are shown in 
Figure 8. The process of water filling or draining to a certain level is then interpreted in water 
pressure by the pressure sensor in Block 7. If the water level goes too high, the entire system will 
be overridden by the laser level sensor in Block 8. The VisSim transfer function for the water 
level process is shown in Figure 9.  A picture of the water level reaching the set-point is shown 
in Figure 10. 
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Figure 8: Solid Edge 3D Renderings of the Base and Top Bracket 
 
Figure 9: Process Transfer Function 
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Figure 10: Water Level Reaching Set-Point 
Block 7: Pressure Transducer 
The pressure transducer chosen is the Honeywell SSCDANV005PGAA5 (datasheet in Appendix 
A). This sensor was chosen because the output was an analog 0.5V to 4.5V over its range of 0-5 
psig. This allowed for excellent resolution and a linear output signal. This transducer provides 
feedback about the process to the controller in Block 3. This was purchased from Mouser 
Electronics for $45.66. The accuracy of this transducer is +-0.25%. Figure 11 shows the pressure 
transducer. 
Pressure sensor transfer function: Vps = 0.005(V/mm)*H (pressure sensor voltage = 0.005 
V/mm * height in mm) 
 
 
 
 
 
 
 
 
Figure 11: Honeywell SSC Series Pressure Transducer 
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Block 8: Laser Level Sensor Overflow Protection 
The SICK DS50 laser level sensor is the instrument used for the overflow protection system. It 
outputs either logic 0, zero volts, or logic 1, five volts, at a user specified distances. Once the 
water level reaches that distance, threatening overflow, a function in the controller will override 
the rest of the system and shut off the water pump. The input circuit for the laser sensor to the 
DAQ, as well as the sensor itself, is pictured in Figure 12. This circuit takes the 12V output of 
the sensor and gains it to 5V. This pump was donated for the project by Montana Precision 
Products.   
Transfer function of laser sensor: process = process * Q1’ 
 
 
Figure 12: Laser Sensor and Input Circuit 
Bill of Materials: 
The following, Figure 13, is a list of materials bought for this project. Many components were 
already available within the Electrical Engineering department. Other components were 
purchased either online or at the local hardware store.  
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Mechanical Portion 
  
  
Component Description  Quantity Price/component Total 
Peristaltic pump  
Flow rate: 700 ml/min   
inlet/outlet OD: 4.8mm 
1 $171.23 $171.23 
Tubing ID: 4.8mm 1 m $5.00 $5.00 
Tubing barbs OD: 4.8mm 2 $0.75 $1.50 
Clear PVC Tube ID:1"         length: 36" 3 ft $3.65 $10.95 
Reservoir bladder Capacity: 1 L 1 $6.92 $6.92 
Level Sensor SICK 200 laser level sensor supplied $0.00 $0.00 
Mounting material clear plastic sheet supplied $0.00 $0.00 
Fasteners Screws, bolts, nuts, etc… supplied $0.00 $0.00 
     
Electrical Portion 
  
  
Component Description Quantity Price/component Total 
Power Supply 
 
supplied $0.00 $0.00 
DAQ Acquisition system supplied $0.00 $0.00 
Resistors 
 
supplied $0.00 $0.00 
PWM Motor Driver Chip PWM supplied $0.00 $0.00 
Pressure Transducer Honeywell 1 $45.66 $45.66 
Membrane Potentiometer Spectra Symbol 1 $24.39 $24.39 
   
Grand Total $265.65 
 
Figure 11: Bill of Materials 
Data and Results: 
The design requirement of filling up from empty in under a minute could not be accomplished. 
In reality, it takes almost three minutes. Realistically the peristaltic pumps flow rate is much 
slower than expected, about 179 mL/min as compared to the claimed 529 mL/min. This is 
partially due to the 12V voltage regulator only putting out 11.2V. Max flow rate is attained at 
12V. Also, it is possible the max flow rate when the company tested it is 529 mL/min. Perhaps 
the average flow rate would be different. This max rate may not account for a load on the pump 
and may be during an ideal scenario too. The slow flow rate was an unfortunate set back, and this 
late in the game there is nothing left to do. Also, the maximum flow rate is probably calculated 
with ideal conditions, i.e. no load on the motor. The silicon tubing and the weight of the water 
may have put a load on the motor and slowed it down.  
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Controller tuning has taken many iterations through trial and error. A root locus design would 
have been very helpful, but it was determined that manual tuning would be a faster process. 
Figure 12 shows the un-tuned response. Notice the overshoot and oscillation. This is with 
complete PID control. The proportional gain KP was set to 12, integral gain KI set to 8, and 
derivative gain KD set to 2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Un-Tuned System Response 
 
This tune was not going to work. Tuning started with setting KI and KD to zero, and setting KP 
to 1. KP was increased until the system showed a better response. The system did not oscillate, 
but steady-state error was quite evident. KI was set to 0.5 and this eliminated steady state error, 
but the response was not fast enough. KI was then increased by increments of 0.1 until a fast 
enough response was achieved. KD was left at zero because adding KD did not affect the 
response. The tuned response is shown in Figure 13. KD was set to 4 and KI was set to 1. 
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Figure 13: Tuned Controller Response 
 
One problem with the pressure transducer is the fact that you have you have to calibrate it before 
each use. These instructions are in Appendix A. Also, the pressure transducers signal ended up 
having a lot of noise. This is due to the vibrations transmitted by the peristaltic pump creating 
pressure spikes each time a roller pushes an amount of water into the tube.  A built in filter 
function in VisSim was used to create a third-order Butterworth low pass filter to smooth out the 
signal from the transducer. The filtered signal did have windup, but smoothed out nicely. The 
filtered signal versus unfiltered signal is shown in a Matlab plot in Figure 13. The transfer 
function for the filter is shown in Figure 14.   
 
 
 
 
 
 
Figure 13: Matlab Plot of Filtered vs. Unfiltered Pressure Transducer Signal 
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Figure 14: Third Order Butterworth Low-Pass Filter 
 
Summary:  
This project will make an excellent visual demonstration of a PID control system for INC 
students. This implements automatic water level control fairly well, and demonstrates a control 
loop. The system did not fill in under a minute. If a faster water pump could be purchased this 
would most likely fix this problem. Perhaps a root locus design would aid in a faster response as 
well. The pressure transducer is far too sensitive to environmental factors and the calibration 
process is time consuming. If time and budget weren’t a factor, perhaps a less sensitive pressure 
sensor could be purchased.  It would also be nice to implement water level feedback via an 
analog laser range sensor. This would be able to implement overflow protection and feedback, 
therefore eliminating the pressure sensor entirely.  
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Appendix A 
Setup Procedure 
Setting Voltage Range of the Pressure Transducer: 
Use the manual control setting in VisSim to move the water level to the upper and lower bounds 
to determine the voltage output readings of the pressure transducer at these points. Enter the 
voltage at the upper range point into “Vps urv” and enter the lower range voltage into “Vps lrv”. 
These directions are reiterated in The VisSim PID control program.  
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-Data Sheets: 
Spectra Symbol SPL0751033%ST: 
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ST Microelectronics L293E:  
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Boxer 15002: 
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Honeywell SSCDANV005PGAA5: 
 
 
 
 
 
 
24 
 
 
25 
 
 
26 
 
SICK DS50: 
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